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ABSTRACT

Zinc is an important nutrient in animal metabolism. In poultry, zinc
serves not only as a nutrient but can also be used as a dietary supplement
to manipulate the reproductive system of the bird. This article summarizes
the general biochemistry, physiology, and nutritional aspects of zinc
metabolism to provide a brief overview on what is known regarding zinc.
The potential role of zinc in poultry immune response, Salmonella infection,
and molting are emphasized.

Index Entries: Zinc; poultry; metabolism; nutrition; molting;
immunology; uptake.

ZINC BIOCHEMISTRY

Zinc is ubiquitous in all living organisms and acts both structurally
and catalytically in metalloenzymes (1). Zinc metalloenzymes are recog-
nized in all six enzyme types, which include oxidoreductase (catalyzing
oxidoreductions between two substrates), transferase (catalyzing transfer
of a group other than hydrogen), hydrolase (catalyzing hydrolysis of esters,
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ether, peptide, glycosyl, acid anhydride, C–C, C–halide, or P–N bonds),
lyase (catalyzing removal of groups from substrates by mechanisms other
than hydrolysis, leaving double bonds), isomerase (catalyzing interconver-
sion of optical, geometric, or positional isomers), and ligase (catalyzing the
linking together of two components coupled to the breaking of a pyrophos-
phate bond in ATP or a similar compound) (2). These well-characterized
zinc metalloenzymes are discussed in the following section.

Carbonic anhydrase plays a role in the transport of carbon dioxide from
tissues to lungs and the zinc component is responsible for coordinating three
imidazole groups (2,3). Superoxide dismutase plays an important role in pro-
tecting cells and tissue from damage by superoxide radical (2O2

– + 2H+ → O2
+ H2O2) (4,5). Alcohol dehydrogenases catalyze the oxidation of ethanol, vita-
min A, alcohol, and steroids using NAD as a cofactor and the reduction of
aldehydes and ketones in the presence of NADH (CH3CH2OH + NAD →
CH3CHO + NADH + H+) (6,7). Each subunit of this enzyme contains two
zinc atoms and binds one molecule of NAD(H). One zinc atom is essential for
the catalytic activity and the other atom is involved in stabilizing the poly-
meric structure (8). The catalytic zinc atom is liganded in a tetrahedral geom-
etry to two cysteinyl sulfurs, the imidazole group of histidine, and a water
molecule (9). DNA and RNA polymerases are nucleotidyl transferases that
catalyze the replication and transcription of the cellular genome. DNA poly-
merase and the synthesis of DNA are inhibited by the presence of EDTA
(10,11). DNA and RNA polymerase are decreased in cell cultures when zinc
chelators are added (12). In addition, zinc can influence gene expression by
altering DNA and chromatin structure and is important for maintaining
nucleic acid integrity (13). These observations indicate that inadequate zinc
can result in damaged cellular functions caused by either decreased DNA or
RNA synthesis, or gene expression. Carboxypeptidase A catalyzes the
hydrolysis of aromatic amino acids, such as phenylalanine, tyrosine, or tryp-
tophan, or the branched aliphatic amino acids (14). Carboxypeptidase B cat-
alyzes hydrolysis of the basic amino acids, lysine, arginine, and ornithine
from the carboxyl-terminal peptide bonds in polypeptides (15).

ZINC AND CELLULAR IMMUNITY

Inadequate intracellular concentrations of zinc cause abnormal devel-
opment of T-lymphocytes in humans (16) and cause lower weights of the
spleen and thymus mice (mice fed 5 ppm) when compared to control (mice
fed with 100 ppm) (17). Involution of the thymus and small spleen weights
are characteristics of zinc deficiency and appear to be primarily the result
of an absence of white cells (16,18,19). In addition, zinc-deprived mice
demonstrated significant growth retardation as reflected by lower body
weight (17). Inadequate intracellular concentration of zinc also causes dam-
age to the lymphocyte function that is responsible for the ability of T- and
B-cell proliferation (19). Zinc deficiency can depress the DNA synthesis or
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cell devision required for normal organ development because zinc is a
structural component of many metalloenzymes, including those involved
in gene replication, such as DNA and RNA polymerases (20). The activity
of deoxythymidine kinase as a zinc-dependent enzyme is greatly reduced
when the concentrations of zinc are deficient. This reduction is accompa-
nied by decreased protein and collagen synthesis in rats (20). Impaired
DNA synthesis results from zinc deficiency both in mammalian culture (10)
and in developing rat embryos (12). These results might suggest that inad-
equate zinc results in impaired cellular immune functions because of a
decrease in DNA synthesis and a subsequent diminished capability to
amplify T- and B-cells in response to foreign invasion.

Dietary Zn might also influence the immune system indirectly by
interaction with growth and infectivity of organisms that are pathogens to
animals. Zn deficiency in animals is associated with increased infections
with micro-organisms and causes Gram-negative sepsis in rats by increased
bacterial populations present in liver, lungs, and kidneys (21). Chickens
have hypozincemia when infected with the Newcastle disease virus (22) or
Escherichia coli endotoxin (23). Zinc concentrations in the liver are increased
by E. coli endotoxin infection (24). Temporal and quantitative changes in
zinc concentrations in immune tissues might be important in the response
to infection because the host uses zinc as a cofactor for enzymes involved
in defense against pathogens (24,25). Increased liver weight by infection
could be the result of interleukin (IL-1) stimulation of acute-phase reactant
protein synthesis such as metallothionein and ceruloplasmin (24,25). Zn
concentrations in serum and plasma are initially depressed when birds are
infected with Salmonella gallinarum (26), E. coli (27), or E. coli endotoxin (23).
The effectiveness of Zn inhibition of bacterial growth results from changing
the active transport system and impeding the initial phase of bacterial mat-
ing (28). They also propose that zinc treatments such as zinc chloride
enhanced survival incidence in rats infected with Francisella tularensis or
Streptococcus pneumoniae. This can be explained by zinc’s association with
defense mechanisms such as leukocytosis, phagocytosis, and cell-mediated
immunity as well as indirectly by zinc’s inhibition of proliferation of these
foreign invaders.

ZINC BIOLOGICAL UPTAKE

Bacterial Zinc Transport

The biological processes involved in bacterial transport and resistance
have been reviewed in extensive detail in refs. 29 and 30. The following is a
brief overview of the more recent findings. Bacteria can maintain zinc home-
ostasis because they have specific energy-dependent uptake and efflux
transport systems for zinc. However, the mechanism of bacterial zinc trans-
port has not been completely investigated. Zinc uptake and efflux systems
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for Gram-negative bacteria have been broadly grouped into three general
categories, namely uptake systems involved in either low, medium, or high
external Zn concentrations (30). At low concentrations of zinc, ATP-binding
cassette (ABC) transporters as binding proteins are usually induced from
periplasmic membranes in Gram-negative bacteria and allow zinc to enter
the cytoplasm (29,30). This uptake system uses ATP hydrolysis as the energy
source (29,30). The gene znuA (zinc uptake) encodes a periplasmic binding
protein, znuB encodes an integral membrane protein, and znuC encodes the
ATPase component of the transporter in E. coli (31). Specific transporters at
medium concentrations of zinc have not been completely identified, but Pit
(phosphate inorganic transport)-like proteins could functionally participate
as cotransporters in accordance with intracellular requirements for external
zinc (30). Conversely, Gram-positive bacteria do not possess an outer mem-
brane, but they do possess many binding sites for divalent cations in the cor-
responding teichoic acids of their peptidoglycan, which can simply serve as
surface sites of cation exchange (30).

At high concentrations, zinc disrupts the homeostatic balance of the
cells, thereby exerting toxicity (29,30). Zn efflux systems play a critical role in
protection of the cells from Zn toxicity. There are three different types of zinc
efflux system in bacteria: CDF-type (cation diffusion facilitators) exporters;
RND-type (resistance, nodulation, cell division) exporters, and P-type
ATPases (29,30). RND-type exporters are found in Ralstonia metallidurans (32).
The gene czcA (cobalt/zinc/cadmium) encodes a cation/proton antiporter
for Cd2+, Co2+, and Zn2+, and czcB/C encodes CzcB/C couple CzcA proteins
to the outer membrane to allow extrusion of Zn2+ in R. metallidurans. CDF-
type exporters are also found in R. metallidurans (33) and Staphylococcus aureus
(34). The genes czcD and zntA encode cation diffusion facilitator in R. metal-
lidurans and S. aureus, respectively. P-Type ATPases, named for the phospho-
rylated aspartate enzyme intermediate, possess a cation-transporting
membrane protein found in both eukaryotes and prokaryotes (30). P-Type
ATPases specifically transport cations (Zn2+, Cd2+, and Pb2) into or out of a
cell through the cellular membrane (35,36). The common characteristics
include the utilization of energy derived from hydrolysis of the pyrophos-
phate bond of ATP for transport of cations across the cell membrane and
energy state catalytic cycle involving a phosphorylated acyl intermediate
(35,36). ATP-dependent phosphorlation at a site on the cytoplasmic side of
the protein is coupled with binding and contact of one or more intracellular
cations (35,36). This generates a high-energy intermediate and induces con-
formational changes causing translocation of the cation across the membrane
(37). The CzcD protein of Bacillus subtilis, a CDF protein, uses an antiporter
mechanism, catalyzing active efflux of Zn2+ in exchange for K+ and H+ (38).

In bacteria, the capacity for K+ uptake found in antiporters catalyzes the
efflux of toxic monovalent or divalent cation substrates from the cytoplasm
(38). This capacity in CzcD protein might enhance its effectiveness in con-
ferring resistance to the toxic metals (38). RND proteins have two different
subproteins: the MFP (membrane fusion proteins), which is perhaps local-
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ized in the periplasmic space and the OMF (outer membrane factor) pro-
teins, which facilitate passage of substrates into external medium (39,40).
RND proteins are regarded as proton-motive force-dependent transporters
because no ATP-binding site has been identified in their sequences and
because the reduced accumulation of substrates in the cells was restored by
the addition of inhibitors of the cytoplasmic membrane proton gradient
(29,41,42).

Intestinal Zinc Absorption

Intestinal zinc absorption is a carrier mediated step of facilitated dif-
fusion, which is not an energy-dependent process, but the exact uptake
mechanism has not been investigated (43,44). There are two steps of zinc
uptake as a function of the luminal zinc concentration in rats. Based on
experimental observations, a rapid mucosal uptake step across the brush-
border membrane was followed by a slower step that might have involved
transport of zinc across the basolateral membrane (45,46). These authors
hypothesized that the rapid uptake step in association with increasing
luminal zinc concentrations might represent saturability of binding sites
on the brush-border membrane. Consequently, the membranes at high
concentrations might become leaky and allow zinc to enter the cell and
bind nonspecifically to cell proteins and other ligands. However, the
chemical form of transported zinc is not known and uptake at the mem-
brane surface via an unidentified receptor on the brush-border surface
might require binding of free ions or prior binding to specific compounds.

Intestinal zinc absorption is affected by dietary levels of zinc, the pres-
ence of other minerals in the intestinal lumen, availability of zinc chelating
agents in the diet, and the synthesis of zinc carrier molecule(s) in the
mucosal cells of small intestine (47). Zinc uptake by high-molecular-
weight proteins in the intestinal mucosa is an active process requiring ATP
(44). A low-molecular-weight zinc-binding ligand (105 LMW-ZBL) as a
zinc transport carrier in the diet might stimulate zinc absorption (43,48)
although the role of LMW-ZBL in stimulating zinc absorption is not well
understood. An LMW-ZBL not only increases the bioavailability of zinc
but also participates in carrying zinc across the mucosal cells of small
intestine (48). Chelation by LMW-ZBL is required for zinc to absorb
through small intestine. Because the free zinc ion forms an insoluble zinc
hydroxide at neutral pH and the zinc transport rate is not dependent on
the intraluminal zinc concentrations, zinc is transported across epithelial
calls through a zinc carrier molecule (43). Therefore, ZBL plays a key role
in regulating the intestinal zinc transport mechanism. Ethylenediaminete-
traaceticacid (EDTA) has a high affinity for zinc (50) and it has been
demonstrated to enhance zinc absorption in animals (50–52). EDTA
chelates zinc and enhances zinc absorption in chicks (53). Other potential
zinc transport carriers include citrate (48), picolinic acid (54), histidine (55),
and a metallothionein (56).
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ZINC AND POULTRY METABOLISM

Zinc in Poultry Nutrition

Zinc is a trace element that is necessary for normal growth and main-
tenance and includes among other functions bone development, feather-
ing, enzyme structure and function, and appetite regulation for all avian
species (57). Zinc at 0.012–0.018% on a total-weight basis is commonly
added as a supplement to all formulated poultry diets (57,58). Currently,
there are two inorganic feed-grade zinc sources commercially used by the
poultry feed industry (57,59): zinc oxide (ZnO: 72% Zn) and zinc sulfate
monohydrate (ZnSO4·H2O: 36% Zn). Of the supplemental zinc feed,
80–90% is ZnO, which is less bioavailable for poultry than reagent-grade
or feed-grade Zn sulfate (60–62). However, the sulfate (acid salt) is highly
water soluble, allowing reactive metal ions to promote free-radical forma-
tion, which can facilitate reactions that lead to the breakdown of vitamins
and ultimately to the degradation of fats and oils, decreasing the nutrient
value of the diet (57). Oxide is less reactive, but also less bioavailable (57).

Dietary zinc is relatively nontoxic to animals and humans; both
exhibit considerable tolerance to high intakes of zinc (62). However, high
levels of zinc in the diet can result in reduced growth rates in chicks (64),
lesions of the gizzard and pancreas in laying hens (64), high mortality in
chicks (65), and reduced feed intake and egg production in laying hens
(66). Zinc toxicity is responsive to supplemental copper, and both iron and
zinc interfere with copper and iron metabolism (67,68). Two-tenths of 1%
zinc fed to chicks caused reduced tissue iron and copper concentrations
(69). Although zinc interferes with iron metabolism in chicks, iron-defi-
cient chicks are more susceptible to the effects of zinc toxicity than are iron-
adequate chicks (65). This is because iron might induce the synthesis of
metallothionein in the liver (70). Metallothionein is a nonspecific metal-
buffering ligand to sequester or displace zinc from normal sites (71).

Zinc in Poultry Immunity

The nutritional–immunological mechanistic relationship between
zinc deficiency and immune response has been extensively examined in
humans (72). The effects of zinc supplementation on the poultry immune
system and infectious disease resistance have not been throughly studied
although zinc nutrition has been identified with changes in immune sys-
tem responses and implicated in infectious disease resistance. In particu-
lar, zinc-methionine, (Zn-Met) and cellular poultry immunity have been
studied. Zn-Met is more bioavailable than Zn-Sul (sulfate) and Zn-O when
fed to chicks in corn–soybean diets (73).

Dietary Zn-Met supplementation (80 mg/kg for old broilers and 40
mg/kg for young broilers) in the broiler diet improves immunity in the
progeny of old (74) and young broiler breeders (75). The nonspecific cellu-
lar immunity of the progeny can be enhanced as a result of Zn-Met sup-
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plementation (74,75). Antibody responses to Salmonella pullorum were not
different between Zn-Met and Zn-O supplementation (74). Zn-Met sup-
plementation enhances in vitro macrophage phagocytosis of Salmonella
enteritidis in young turkeys (76). Dietary Zn-Met supplementation in the
turkey diet increases activity of macrophage phagocytosis in young
turkeys (77). Dietary Zn-Met supplementation (40 or 80 mg/kg) in the
layer diet improves survival of E. coli challenged in old laying hens (78).

ZINC AND LAYING HEN REPRODUCTION

Molting

In nature, all adult avian species undergo annual bird molting to
renew their feathers. This results in body weight losses up to 40% of their
mass (79) and a pause in oviposition because of regression of the repro-
ductive tract (79). In the US commercial layer industry, older hens can be
artificially induced to molt before the end of a first laying cycle, rested, and
entered into a second egg laying cycle (80). After completion of the process
of induced molting, older laying hens exhibit rejuvenation of the repro-
ductive tracts (81). In the US commercial egg layer industry, feed with-
drawal for a period of several days is commonly practiced to induce molt.
This practice is popular because it is easy to manage and is highly effective
in rapidly regressing the reproductive tract to assure a complete cessation
in egg production (81,82).

However, alternative methods have been investigated because public
awareness of molt induction by the use of feed withdrawal has increased
over the years (83–88) and the stress associated with feed withdrawal
results in increased susceptibility to S. enteritidis infection (89–95). Zinc-
supplemented diets have been examined as a possible alternative for
induction of molt to avoid the problems associated with feed-withdrawal
induced molt. Molt induction research with zinc-supplemented diets is
discussed in the next subsection.

Dietary Zinc and Molt Induction

High concentrations of zinc added to poultry layer ration have been
experimentally attempted as an alternative method to induce molt. Zinc at
20,000 ppm added to the diet was effective in inducing molt and generally
gave results comparable, if not significantly better, than those obtained
with feed removal (96–98). The 20,000 ppm (2%) of zinc as zinc oxide
caused a complete stop of egg production within 5 d and resulted in sig-
nificant improvements of production in the periods of postmolt compared
with that observed immediately premolt (96,97). The addition of 10,000
ppm (1%) zinc as either zinc oxide or zinc acetate to the layer ration for 14
d caused egg production to decline from 60% to 0% in 6 d (99). Ten thou-
sand parts per million (1%) of zinc as zinc propionate in the supplemented
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diet caused a complete induce molt and egg weights from Zn propionate-
fed hens was heavier than those from feed-withdrawal treatment hens
(100). Hens fed high concentrations of zinc ceased ovulating a day sooner
that hens molted by feed withdrawal (100,101). There were no differences
in the reproductive systems between hens molted by feed withdrawal and
hens molted by high dietary zinc (100,102). They also indicated that the
effectiveness of zinc at high concentrations might be the result of depres-
sion of feed intake. However, the moderate concentrations of zinc (≤2800
ppm) were effective for suppression of hen reproduction systems (103).

Mechanism of Induced Molting by Dietary Zinc

The mechanism of an induction molt by the use of dietary zinc is
not completely understood, but was studied in refs. 96, 99, 101, and 102.
In most studies, it has been reported that dietary zinc at high concen-
trations (10,000–20,000 ppm) induce follicular atresia and cessation of
laying egg by interfering with ovulation in adult chicken because this
cation (Zn2+) reduces feed intake to 10–15% from the normal level. How-
ever, dietary zinc at moderate concentrations (2800 ppm) in the absence
of a calcium-supplemented diet has a direct suppressive effect on the
reproductive organs because calcium is required for the initiation and
stimulation of gonadotropin-releasing hormone-stimulated luteinizing
(LH) release (104).

Zinc–calcium antagonism also can occur and could explain some of
the effectiveness observed when dietary zinc is supplemented as a dietary
molt-induction compound. Dietary zinc at high concentrations can reduce
calcium utilization and dietary calcium is the first limiting mineral for
ovulation during the induced molt (105). Hens treated with high concen-
trations of dietary zinc have low plasma progesterone and the sensitivity
of progesterone to LH is reduced as compared to fasted hens or hens
treated with a low-calcium diet (106). Calcium plays an important role in
gonoadotropin secretion and reproduction in avian ovarian cells (107,108).
Zinc causes calcium to fall below a critical level essential for gonadotropin
production and release (101). The effectiveness of zinc is not related to feed
consumption and body weight difference, and zinc inhibits production of
luteinizing hormone (LH)-stimulated progesterone and the formation of
cyclic adenosine monophosphate (cAMP) in granulosa cells of the hen’s
ovary (103). This inhibition is not caused by a toxic effect of zinc on gran-
ulosa cells of the hen ovary. The LH-stimulated progesterone in granulosa
cells is dependent on the formation of cAMP and the mobilization of extra-
cellular and intracellular calcium. Extracellular calcium is necessary for
gonadotrophin-stimulated cAMP formation (109).

Zinc and S. enteritidis Infection During Molt

When feed is removed as is done in feed-withdrawal molt from lay-
ing hens experimentally, the birds very rapidly (within days) become sus-
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ceptible to S. enteritidis colonization and invasion. The S. enteritidis colo-
nization is not only increased in the gastrointestinal sections of the crop
and the ceca, but invasion of internal organs in chickens is increased
(90,92,93,110) and increased horizontal transfer among birds in flocks also
occurs (111).

Emptying of the gastrointestinal tract of the laying hen during feed-
withdrawal molt apparently creates a microenvironment that not only
enhances S. enteritidis survival but also enhances pathogenicity and subse-
quent expression of invasion properties (93,95). In addition, it appears that
immune response might be compromised, leading to birds which are more
physiologically susceptible (94). Therefore, in recent years, attempts have
been made to devise dietary approaches that optimize molt induction but
retain gastrointestinal tract function, indigenous gastrointestinal micro-
flora, and bird physiology (87,94,95).

Given the success of zinc-amended diets for molt induction, these
diets have been suggested as a means to limit S. enteritidis colonization and
organ invasion as well. Therefore, zinc-molting diets were recently inves-
tigated whether zinc feeding might have an effect of induced molt and
influence the hen’s S. enteritidis infection. Low-calcium (800 ppm Ca), low
calcium–low zinc (800 ppm Ca/110 ppm Zn) (112) and high zinc (10,000
ppm)-zinc-containing molting diets (113) decreased S. enteritidis coloniza-
tion in laying hens when compared to hens undergoing feed withdrawal.
In a study involving different zinc organic salts (113), zinc acetate (1% Zn)
appeared be more effective for inducing molt and stimulating multiple
laying cycles without increasing the risk of S. enteritidis, whereas zinc pro-
pionate (1% Zn) feeding was consumed in smaller quantities and was gen-
erally less effective for reducing the risk of S. enteritidis contamination.
Lower feed consumption might have also lowered production of lactic
and/or volatile fatty acid in crop and/or ceca of the molted hens by the
indigenous microflora (113). This fact was in accordance with Ricke et al.
(112), who reported that feeding low calcium and zinc molt diets retain
sufficient fermentative activity to limit S. enteritidis colonization and,
therefore, were generally more consistent in preventing extensive S. enter-
itidis invasion.

Potential Zinc-Associated Mechanism(s) 
for Limiting S. enteritidis Infection During Molt

In general, it appears that zinc dietary amendments will consistently
limit S. enteritidis colonization and invasion in vivo, but sufficient feed
intake must be retained. There are several possible mechanism(s) that
might come into play that explain why dietary zinc could have a role in lim-
iting this pathogen. Certainly, retention of feed intake and subsequent sup-
port of a fully fermentative bacterial population in the crop and the ceca is
important as decreases in either the fermentation activity and/or the micro-
bial population particularly in the crop can enhance S. enteritidis virulence
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expression (93,95). For low-zinc molt-induction diets, where feed intake
during the molting period is greatly diminished, fermentation profiles and
quantities of fermentation products approach those seen with full-fed birds
(112). In high-zinc molt-induction diets, where feed intakes is more
restricted, fermentation activity is reduced (113), but when microbial diver-
sity profiles of cecal and crop samples from these birds are compared uti-
lizing denaturing gradient gel electrophoresis (DGGE), large shifts in
populations are usually not apparent in either high- or low-zinc molted
hens (114,115). This indicates that a high dietary intake of zinc is not elimi-
nating potential protective microflora from the gastrointestinal tract but
either directly or indirectly (via reduced feed intake) is potentially decreas-
ing fermentation activity of the indigenous microflora.

Even if feed intake is reduced, the presence of higher concentrations
of zinc in the crop and cecal lumens might be of more direct influence in
limiting S. enteritidis as well. In a series of aerobic and anaerobic in vitro
studies, Park et al. (116–118) determined that high concentrations of zinc
compounds would decrease the growth rate of a poultry isolate of S.
typhimurium. Several factors appeared to enhance the inhibitory action of
zinc. Substituting an anaerobic atmosphere for aerobic growth conditions
decreased growth in general (116) and the addition of reductants to the
media further enhanced inhibition (116,118). Zinc organic salts also tended
to be more inhibitory than inorganic salts, suggesting an acidic pH syner-
gism (116) that was confirmed when studies were conducted where initial
media pH was decreased (117,118). However, genetic studies are required
to precisely determine the potential metabolic mechanism(s) involved in
Salmonella response to external zinc under anaerobic atmospheric condi-
tions. In short, the presence of dietary zinc in the laying hen’s gastroin-
testinal tract might sufficiently limit Salmonella growth to decrease the
potential for colonization and invasion. In addition, there is some indirect
evidence that zinc might also interfere with Salmonella attachment mecha-
nism(s) based on chicken skin attachment studies conducted by Nayak et
al. (119). If interference with attachment occurred in the gastrointestinal
tract as well, then this would further increase the difficulties for successful
Salmonella establishment in susceptible laying hens.

A final consequence of the presence of additional dietary zinc in the
gastrointestinal tract of laying hens might lie with the beneficial interac-
tion of zinc with the immune system. As noted previously, feed with-
drawal can severely compromise the immune system of the laying hens,
making it highly susceptible to pathogen infection (94). It is hypothetically
possible that in addition to increased nutrient intake from zinc molt-induc-
tion diets that the additional zinc stimulates the immune system and the
enhanced immune response leads to a less susceptible bird to Salmonella
invasion even if colonization in the gastrointestinal tract occurs. Kidd et al.
(76) observed that zinc–methionine supplementation increased the reduc-
tion of intravenously introduced S. arizona from the spleen in young
turkeys and exhibited increased in vitro phagocytosis. Immune parame-
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ters under these conditions need to be examined to confirm this hypothe-
sis. Clearly, if synergism occurs between direct limitation of Salmonella
growth by dietary zinc in the gastrointestinal tract and a more responsive
immune system, molting birds under a zinc-feeding regime should be
more resistant to sustained Salmonella infection and horizontal transmis-
sion among susceptible birds in a molting flock. More experimental work
is required to define the potential contribution of each of these factors and
whether there is potential additive or synergistic effects. Such understand-
ing might lead to more efficient delivery of dietary zinc in the gastroin-
testinal tract that could result in lower concentrations of dietary zinc being
used to avoid potential physiological and environmental problems associ-
ated with high dosages of dietary zinc.

SUMMARY AND CONCLUSIONS

Zinc plays multiple roles in poultry metabolism. At low concentra-
tions, it serves as an essential nutrient and functions as a metal cofactor for
several enzymes. Zinc also appears to be directly involved in immune cel-
lular functions and zinc deficiencies might also have indirect conse-
quences on the immune system by failure to limit bacterial infections. Zinc
can be taken up by biological systems, and bacterial transport and efflux
systems have been identified that are energy dependent and highly regu-
lated. Intestinal uptake is carrier-mediated facilitated diffusion and the
mechanism is not well understood. Zinc uptake is also influenced by the
form because it is fed some forms that are less bioavailable. High concen-
trations of zinc are relatively nontoxic and these concentrations have
proven useful as an alternative dietary approach for molt induction to ini-
tiate a second egg-laying cycle and prevent S. enteritidis colonization.
Given that some of this effectiveness is the result of direct antagonism of
calcium metabolism indicates that lower zinc concentrations might also be
effective for molt induction if calcium uptake is more completely blocked.
Future studies are needed to understand the intestinal absorption mecha-
nism involved in zinc uptake and how this might be used to enhance molt
induction for much lower dietary levels of zinc than those that have been
examined previously.

ACKNOWLEDGMENTS

This research was supported by Kemin Americas, Inc., Des Moines,
IA, TAES project G-8815, Hatch grant H8311 administered by the Texas
Agricultural Experiment Station and USDA-NRI grant number 2000-
02614. S. Y. Park was supported by a Pilgrim’s Pride (Pittsburg, TX)
endowed graduate fellowship.

Review on Dietary Zn in Poultry 157

Biological Trace Element Research Vol. 101, 2004



REFERENCES

1. B. L. O’Dell, Zinc plays both structural and catalytic roles in metalloproteins, Nutr.
Rev. 50, 48–50 (1992).

2. D. Keilin and T. Mann, Carbonic anhydrase, purification and nature of the enzyme.
Biochem. J. 34, 1163–1176 (1940).

3. R. Österberg, Metal ion–protein interactions in solution, in Metal Ions in Biological Sys-
tems, Vol 3. High Molecular Complexes, H. Sigel, ed., Marcel Dekker, New York, pp.
45–88 (1983).

4. J. Bannister, W. Bannister, and E. Wood, Bovine erythrocyte cupro-zinc protein-1. Iso-
lation and general characterization, Eur. J. Biochem. 18, 178–186 (1971).

5. J. M. McCord, B. B. Keele, Jr., and I. Fridovich, An enzyme-based theory of obligate
anaerobiosis: the physiological function of superoxide dismutase, Proc. Natl. Acad. Sci.
USA 68, 1024–1027 (1971).

6. B. L. Vallee and F. L. Hoch, Yeast alcohol dehydrogenase, a zinc metalloenzyme, J. Am.
Chem. Soc. 77, 821–822 (1955).

7. J-P. vonWartburg, J. L. Bethune, and B. L. Vallee, Human liver-alcohol dehydrogenase.
Kinetic and physiochemical properties, Biochemistry 3, 1775–1782 (1964).

8. D. E. Drum, J. H. Harrison IV, T.-K. Li, J. L. Bethune, and B. L. Vallee, Structural and
functional zinc in horse liver and alcohol dehydrogenase, Proc. Nat. Acad. Sci. USA 57,
1434–1440 (1967).

9. J. F. Riordan and B. L. Vallee, Structure and function of zinc metalloenzymes, in Trace
Elements in Human Health and Disease, A. S. Prasad and D. Oberleas, eds., Academic,
New York, Vol. 1, pp. 227–256 (1976).

10. I. Lieberman, R. Abrams, N. Hunt, and P. Ove, Levels of enzyme activity and deoxyri-
bonucleic acid synthesis in mammalian cells cultured from the animal, J. Biol. Chem.
238, 3955–3962 (1963).

11. M. Fujioka and I. Lieberman, A Zn2+ requirement for synthesis of deoxyribonucleic
acid by rat liver, J. Biol. Chem. 239, 1164–1167 (1964).

12. J. R. Duncan and L. S. Hurley, Thymidine kinase and DNA polymerase activity in normal
and zinc-deficient developing rat embryos, Proc. Soc. Exp. Biol. Med. 159, 39–43 (1978).

13. C. E. Castro and J. S. Sevall, Zinc deficiency, chromatin structure, and gene expression,
in Nutrient Modulation of the Immune Response, S. Cunningham-Rundles, ed., Marcel
Dekker, New York. pp. 141–150 (1993).

14. J. A. Hartsuck and W. N. Lipscomb, Carboxypeptidase A, in The Enzymes, Vol. III,
Hydrolysis: Peptide Bonds, P. D. Boyer, ed., Academic, New York, pp. 1–56 (1971).

15. J. E. Folk, Carboxypeptidase B, in The Enzymes, Vol. III Hydrolysis: Peptide Bonds, P. D.
Boyer, ed., Academic, New York, pp. 57–79 (1971).

16. M. Dardenne and J.-M. Bach, Rationale for the mechanism of zinc interaction in the
immune system, in Nutrient Modulation of the Immune Response, S. Cunningham-Run-
dles, ed., Marcel Dekker, New York. pp. 501–509 (1993).

17. R. S. Beach, M. E. Gershwin, and L. S. Hurley, Reversibility of developmental retarda-
tion following murine fetal zinc deprivation. J. Nutr. 112, 1169–1181 (1982).

18. R. K. Chandra and B. Au, Single nutrient deficiency and cell-mediated immune
responses. I. Zinc, Am. J. Clin. Nutr. 33, 736–738 (1980).

19. K. G. Vruwink, C. L. Keen, M. E. Gershwin, J. P. Mareschi, and L. S. Hurley, The effect
of experimental zinc deficiency on development of the immune system, in Nutrient
Modulation of the Immune Response, S. Cunningham-Rundles, ed., Marcel Dekker, New
York, pp. 263–279 (1993).

20. A. S. Prasad, Acquired zinc deficiency and immune dysfunction in sickle cell anemia,
in Nutrient Modulation of the Immune Response, S. Cunningham-Rundles, ed., Marcel
Dekker, New York, pp. 393–410, (1993).

158 Park et al.

Biological Trace Element Research Vol. 101, 2004



21. U. Srinivas, J. H. Braconier, B. Jeppsson, and L. Hansson, Influence of zinc deficiency
and malnutrition on organ uptake of Eschericia coli during Gram-negative sepsis in the
rat, Nutr. Res. 9, 455–463 (1989).

22. R. L. Squibb, W. R. Beisel, and K. A. Bostain, Effect of Newcastle disease on serum cop-
per, zinc, cholesterol, and carotenoid values in the chick, Appl. Microbiol. 22, 1096–1099
(1971).

23. E. J. Butler and M. J. Curtis, The effects of Escherichia coli endotoxin and ACTH on the
plasma zinc concentration in the domestic fowl, Res. Vet. Sci. 15, 363–367 (1973).

24. K. C. Klasing, Effect of inflammatory agents and interleukin 1 on iron and zinc metab-
olism, Am. J. Physiol. 247(5, Pt.2), R901–R904 (1984).

25. R. S. Pekarek, M. C. Powanda, and R. W. Wannemacher, Jr., The effect of leukocytic
endogenous mediator (LEM) on serum copper and ceruloplasmin concentrations in
the rat, Proc. Soc. Exp. Biol. Med. 141, 1029–1031 (1972).

26. C. H. Hill, Effect of Salmonella gallinarum infection on zinc metabolism in chicks, Poult.
Sci. 68, 297–305 (1989).

27. L. S. Tufft, C. F. Nockels, and M. J. Fettman, Effects of Escherichia coli on iron, copper,
and zinc metabolism in chicks, Avian Dis. 32, 779–786 (1988).

28. P. Z. Sobocinski, W. J. Canterbury, Jr., and M. C. Powanda, Differential effect of par-
enteral zinc on the course of various bacterial infections, Proc. Soc. Exp. Biol. Med. 156,
334–339 (1977).

29. D. H. Nies, The cobalt, zinc, and cadmium efflux system CzcABC from Alcaligenes
eutrophus functions as a cation-proton antiporter in Escherchia coli. J. Bacteriol. 177,
2707–2712 (1995).

30. K. Hantke, Bacterial zinc transporters and regulators, BioMetals 14, 239–249 (2001).
31. S. I. Patzer and K. Hantke, The ZnuABC high-affinity zinc uptake system and its reg-

ulator Zur in Escherichia coli, Mol. Microbiol. 28, 1199–1210 (1998).
32. C. Rensing, T. Pirbyl, and D. H. Nies, New functions for the three subunits of the Czc-

CBA cation–proton antiporter, J. Bacteriol. 179, 6871–6879 (1997).
33. A. Anton, C. Groβe, J. Reiβmann, T. Pribyl, and D. H. Nies, CzcD is a heavy metal ion

transporter involved in regulation of heavy metal resistance in Ralstonia sp. strain
CH34, J. Bacteriol. 181, 6876–6881. (1999).

34. A. Xiong and R. K. Jayaswal, Molecular characterization of a chromosomoal determi-
nant conferring resistance to zinc and cobalt ions in Staphylococcus aureus, J. Bacteriol.
180, 4024–4029 (1998).

35. S. Lutsenko and J. H. Kaplan, Organization of P-type ATPases: significance of struc-
tural diversity, Biochemistry 34, 15,607–15,613 (1995).

36. D. Gatti, B. Mitra, and B. P. Rosen, Escherichia coli soft metal ion translocation ATPases,
J. Biol. Chem. 275, 34,009–34,012 (2000).

37. D. D. Agranoff and S. Krishna, Metal ion homeostasis and intracellular parasitism,
Mol. Microbiol. 28, 403–412 (1998).

38. A. A. Guffanti, Y. Wei, S. V. Rood, and T. A. Krulwich, An antiport mechanism for a
member of the cation diffusion facilitator family: divalent cations efflux in exchange
for K+ and H+, Mol. Microbiol. 45, 145–153 (2002).

39. I. T. Paulsen, J. H. Park, P. S. Choi, and M. H. Saier, Jr., A family of Gram-negative bac-
terial outer membrane factors that function in the export of proteins, carbohydrates,
drugs, and heavy metals from Gram-negative bacteria, FEMS Microbiol. Lett. 156, 1–8
(1997).

40. N. Gotoh, T. Kusumi, H. Tsujimoto, T. Wada, and T. Nishino, Topological analysis of
an RND family transporter, MexD of Pseudomonas aeruginosa, FEBS Lett. 458, 32–36
(1999).

41. H. Nikaido, Multidrug efflux pumps of Gram-negative bacteria. J. Bacteriol. 178,
5853–5859 (1996).

Review on Dietary Zn in Poultry 159

Biological Trace Element Research Vol. 101, 2004



42. A. Ocaktan, H. Yoneyama, and T. Nakae, Use of fluorescence probes to monitor func-
tion of the subunit proteins of the MexA-MexB-OprM drug extrusion machinery in
Pseudomonas aeruginosa, J. Biol. Chem. 272, 21,964–21,969 (1997).

43. M. K. Song and N. F. Adham, Evidence for an important role of prostaglandins E2 and
F2 in the regulation of zinc transport in the rat, J. Nutr. 109, 2152–2159 (1979).

44. M. P. Menard and R. J. Cousins, Zinc transport by brush border membrane vesicles
from rat intestine, J. Nutr. 113, 1434–1442 (1983).

45. N. T. Davies, Studies on the absorption of zinc by rat intestine, Br. J. Nutr. 43, 189–203
(1980).

46. K. T. Smith and R. J. Cousins, Quantitative aspects of zinc absorption by isolated, vas-
cularly perfused rat intestine, J. Nutr. 110, 316–323 (1980).

47. M. K. Song, Low-molecular weight zinc-binding ligand: a regulatory modulator for
intestinal zinc transport, Comp. Biochem. Physiol. 87, 223–230 (1987).

48. L. S. Hurley, B. Lönnerdal, and A. G. Stanislowski, Zinc citrate, human milk, and acro-
dermatitis enteropathica, Lancet 1, 677–678 (1979).

49. P. Vohra, E. Krantz, and F. H. Kratzer, Formation constants of certain zinc-complexes
by ion-exchange method, Proc. Soc. Exp. Biol. Med. 121, 422–425 (1965).

50. R. M. Forbes, Excretory patterns and bone deposition of zinc, calcium and magnesium
in the rat as influenced by zinc deficiency, EDTA, and lactose, J. Nutr. 74, 194–200
(1961).

51. P. Vohra and F. H. Kratzer, Influence of various phosphates and other complexing
agents on the availability of zinc for turkey poults. J. Nutr. 89, 106–112 (1966).

52. B. M. Sahagian, I. Harding-Barlow, and H. M. Perry, Jr., Transmural movements of
zinc, manganese, cadmium and mercury by rat small intestine, J. Nutr. 93, 291–300
(1967).

53. F. A. Suso and H. M. Edwards, Jr., Influence of various chelating agents on absorption
of 60Co, 59Fe, 54Mn and 65Zn by chickens, Poult. Sci. 47, 1417–1425 (1968).

54. G. W. Evans and P. E. Johnson, Characterization and quantitation of a zinc binding lig-
and in human milk, Pediatr. Res. 14, 876–880 (1980).

55. R. A. Wapnir, D. E. Khani, M. A. Bayne, and F. Lifshitz, Absorption of zinc by the rat
ileum: effects of histidine and other low-molecular-weight ligands, J. Nutr. 113,
1346–1354 (1983).

56. R. J. Cousins, K. T. Smith, M. L. Failla, and L. A. Markowitz, Origin of low-molecular
weight zinc-binding complexes from rat intestine, Life Sci. 23, 1819–1826 (1978).

57. A. B. Batal, T. M. Parr, and D. H. Baker, Zinc bioavailability in tetrabasic zinc chloride
and the dietary zinc requirement of young chicks fed a soy concentrate diet, Poult. Sci.
80, 87–90 (2001).

58. S. Leeson and J. D. Summers, Commercial Poultry Nutrition, 2nd ed., University Books,
Guelph, Ontario, Canada, pp. 1–9 (1997).

59. K. J. Wedekind and D. H. Baker, Zinc bioavailability in feed-grade sources of zinc, J.
Anim. Sci. 68, 684–689 (1990).

60. M. Sandoval, P. R. Henry, C. B. Ammerman, R. D. Miles, and R. C. Littell, Relative
bioavailability of supplemental inorganic zinc sources for chicks, J. Anim. Sci. 75,
3195–3205 (1997).

61. H. M. Edwards III and D. H. Baker, Zinc bioavailability in soybean meal, J. Anim. Sci.
78, 1017–1021 (2000).

62. G. J. Fosmire, Zinc toxicity, Am. J. Clin. Nutr. 51, 225–227 (1990).
63. R. H. Roberson and P. J. Schaible, The tolerance of growing chicks for high levels of

different forms of zinc, Poult. Sci. 39, 893–896 (1960).
64. W. A. Dewar, P. A. L. Wight, R. A. Pearson, and M. J. Gentle, Toxic effects of high con-

centrations of zinc oxide in the diet of the chick and laying hens, Br. Poult. Sci. 24,
397–404 (1983).

160 Park et al.

Biological Trace Element Research Vol. 101, 2004



65. T. L. Blalock and C. H. Hill, Studies on the role of iron in zinc toxicity in chicks, Biol.
Trace Element Res. 17, 17–29 (1988).

66. K. L. Hermayer, P. E. Stake, and R. L. Shippe, Evaluation of dietary zinc, cadmium, tin,
lead, bismuth and arsenic toxicity in hens, Poult. Sci. 56(Suppl. 1), 1721–1722 (1977)
(abstract).

67. D. H. Cox and D. L. Harris, Effect of excess dietary zinc on iron and copper in the rat,
J. Nutr. 70, 514–520 (1960).

68. R. Rama and J. Planas, Effects of dietary zinc on iron metabolism in chickens, Biol.
Trace. Element Res. 3, 287–299 (1981).

69. J. L. Stahl, J. L. Greger, and M. E. Cook, Zinc, copper, and iron utilization by chicks fed
various concentrations of zinc, Br. Poult. Sci. 30, 123–134 (1989).

70. C. C. McCormick, The tissue-specific accumulation of hepatic zinc metallothionein
following parenternal iron loading, Proc. Soc. Exp. Biol. Med. 176, 392–402 (1984).

71. M. P. Richards and R. J. Cousins, Mammalian zinc homeostasis: requirement for RNA
and metallothionein synthesis, Biochem. Biophys. Res. Commun. 64, 1215–1223 (1975).

72. P. J. Fraker, L. E. King, B. A. Garvy, and C. A. Medina, The immunopathology of zinc
deficiency in humans and rodents: a possible role for programmed cell death, in Nutri-
tion and Immunology—A Comprehensive Treatise, D. M. Klurfeld, ed., Plenum, New York,
pp. 267–283 (1993).

73. M. T. Kidd, P. R. Ferket, and M. A. Qureshi, Zinc metabolism with special reference to
its role in immunity, World’s Poult. Sci. J. 52, 309–324 (1996).

74. M. T. Kidd, N. B. Anthony, and S. R. Lee, Progeny performance when dams and chicks
are fed supplemental zinc, Poult. Sci. 71, 1201–1206 (1992).

75. M. T. Kidd, N. B. Anthony, L. A. Newberry, and S. R. Lee, Effect of supplemental zinc
in either a corn–soybean or a milo and corn–soybean meal diet on the performance of
young broiler breeders and their progeny, Poult. Sci. 72, 1492–1499 (1993).

76. M. T. Kidd, M. A. Qureshi, P. R. Ferket, and L. N. Thomas, Dietary zinc-methionine
enhances mononuclear–phagocytic function in young turkeys, Biol. Trace Element Res.
42, 217–229 (1994).

77. P. R. Ferket and M. A. Qureshi, Effect of level of inorganic and organic zinc and man-
ganese on the immune function of turkey toms, Poult. Sci. 71(Suppl. 1), 60 (1992)
(abstract).

78. J. D. Flinchum, C. F. Nockels, and R. E. Moreng, Aged hens fed zinc methionine had
chicks with improved performance, Poult. Sci. 68(Suppl. 1), 55 (1989) (abstract).

79. N. Mrosovsky and D. F. Sherry, Animal anorexias, Science 207, 837–842 (1980).
80. M. O. North and D. D. Bell, Commercial Chicken Production Manual, 4th ed., Chapman

& Hall, New York (1990).
81. J. Brake, Recent advances in induced molting, Poult. Sci. 72, 929–931 (1993).
82. D. D. Bell, Historical and current molting practices in the U.S. table egg industry,

Poult. Sci. 82, 965–970 (2003).
83. H. Cheever, AVAR’s concerns about forced molting, J. Am. Vet. Med. Assoc. 215, 1236

(1999).
84. P. L. Ruszler, Health and husbandry considerations of induced molting, Poult. Sci. 77,

1789–1793 (1998).
85. K. Keshavarz and F. W. Quimby, An investigation of different molting techniques with

an emphasis on animal welfare, J. Appl. Poult. Res. 11, 54–67 (2002).
86. A. Bar, V. Razaphkovsky, D. Shinder, and E. Vax, Alternative procedures for molt

induction: practical aspects, Poult. Sci. 82, 543–550 (2003).
87. R. K. Gast and S. C. Ricke, Current and future prospects for induced molting in laying

hens, Poult. Sci. 82, 964 (2003).
88. A. B. Webster, Physiology and behavior of the hen during induced molt, Poult. Sci. 82,

992–1002 (2003).

Review on Dietary Zn in Poultry 161

Biological Trace Element Research Vol. 101, 2004



89. P. S. Holt and R. E. Porter, Jr., Effect of induced molting on the course of infection and
transmission of Salmonella enteritidis in white Leghorn hens of different ages, Poult. Sci.
71, 1842–1848 (1992).

90. P. S. Holt, Effect of induced molting on the susceptibility of white Leghorn hens to a
Salmonella enteritidis infection, Avian Dis. 37, 412–417 (1993).

91. P. S. Holt, R. J. Buhr, D. L. Cunningham, and R. E. Porter, Jr., Effect of two different
molting procedures on a Salmonella enteritidis infection, Poult. Sci. 73, 1267–1275 (1994).

92. P. S. Holt, N. P. Macri, and R. E. Porter, Jr., Microbiological analysis of the early Sal-
monella enteritidis infection in molted and unmolted hens, Avian Dis. 39, 55–63 (1995).

93. J. A. Durant, D. E. Corrier, J. A. Byrd, L. H. Stanker, and S. C, Ricke, Feed deprivation
affects crop environment and modulates Salmonella enteritidis colonization and inva-
sion of Leghorn hens, Appl. Environ. Microbiol. 65, 1919–1923 (1999).

94. P. S. Holt, Molting and Salmonella enterica serovar Entertitidis infection: the problem
and some solutions, Poult. Sci. 82, 1008–1010 (2003).

95. S. C. Ricke, The gastrointestinal tract ecology of Salmonella Enteritidis colonization in
molting hens, Poult. Sci. 82, 1003–1007 (2003).

96. J. T. Scott and C. R. Creger, The use of dietary zinc as an effective molting agent in lay-
ing hens, Poult. Sci. 55, 2089 (1976) (abstract).

97. C. R. Creger and Scott, J. T., Dietary zinc as an effective resting agent for the laying
hen, Poult. Sci. 56, 1706 (1977) (abstract).

98. R. H. Roberson and D. W. Francis, The effect two molting methods on performance of
Hyline and Shaver hens, Poult. Sci. 58, 1098 (1979) (abstract).

99. R. L. Shippee, P. E. Stake, U. Koehn, J. L. Lambert, and R. W. Simmons III, High dietary
zinc or magnesium as forced-resting agents for laying hens, Poult. Sci. 58, 949–954 (1979).

100. S. Y. Park, S. G. Birkhold, L. F. Kubena, D. J. Nisbet, and S. C. Ricke, Effects of high zinc
diets using zinc propionate on molt induction, organs, and postmolt egg production
and quality in laying hens, Poult. Sci. 83, 24–33 (2004).

101. W. D. Berry and J. Brake, Comparison of parameters associated with molt induced by
fasting, zinc, and low dietary sodium in caged layers, Poult. Sci. 64, 2027–2036 (1985).

102. C. C. McCormick and D. L. Cunningham, performance and physiological profiles of
high dietary zinc and fasting as methods of inducing a forced rest: a direct compari-
son, Poult. Sci. 66, 1007–1013 (1987).

103. S. W. Breeding, J. Brake, J. D. Garlich, and A. L. Johnson, Molt induced by dietary zinc
in a low-calcium diet, Poult. Sci. 71, 168–180 (1992).

104. M. R. Luck and C. G. Scanes, Ionic and endocrine factors influencing the secretion of
luteinizing hormone by chicken anterior pituitary cells in vitro, Gen. Comp. Endocrinol.
41, 260–265 (1980).

105. J. D. Garlich and C. R. Parkhurst, Increased egg production by calcium supplementa-
tion during the initial fasting period of a forced molt, Poult. Sci. 61, 955–961 (1982).

106. R. F. Walker and L. S. Frawley, Gonadal function in underfed rats: II. Effect of estro-
gen on plasma gonoadotropins after pinealectomy or constant light exposure, Biol.
Reprod. 17, 630–634 (1977).

107. K. Simkiss, Calcium metabolism and avian reproduction, Biol. Rev. 36, 321–367 (1961).
108. T. G. Taylor, Calcium-endocrine relationships in the laying hens, Proc. Nutr. Soc. 24,

49–54 (1965).
109. E. K. Asem, M. Molnar, and F. Hertelendy, Leuteninizing hormone-induced intracel-

lular calcium mobilization in granulosa cells: comparison with forskolin and 8-bromo-
adenosine 3′,5′-monophosphate, Endocrinology 120, 853–859 (1987).

110. D. Thiagarajan, A. M. Saeed, and E. K. Asem, Mechanism of transovarian transmission
of Salmonella enteritidis in laying hens, Poult. Sci. 73, 89–98 (1994).

111. P. S. Holt, B. W. Mitchell, and R. K. Gast, Airborne horizontal transmission of Salmo-
nella enteritidis in molted laying chicken, Avian Dis. 42, 45–52 (1998).

162 Park et al.

Biological Trace Element Research Vol. 101, 2004



112. S. C. Ricke, S. Y. Park, R. W. Moore, et al., Feeding low calcium and zinc molt diets sus-
tains gastrointestinal fermentation and limits Salmonella enterica serovar enteritidis col-
onization in laying hens. J. Food Safety (2004).

113. R. W. Moore, S. Y. Park, L. F. Kubena, et al., Comparison of zinc acetate and propionate
addition on gastrointestinal tract fermentation and susceptibility of laying hens to Sal-
monella enteritidis during forced molt, Poult. Sci. 83, 1276–1286 (2004).

114. M. E. Hume, L. F. Kubena, T. S. Edrington, et al., Poultry digestive microflora biodi-
versity as indicated by denaturing gradient gel electrophoresis, Poult. Sci. 82,
1100–1107 (2003).

115. S. C. Ricke, M. E. Hume, S. Y. Park, et al., Denaturing gradient gel electrophoresis
(DGGE) as a rapid method for assessing gastrointestinal tract microflora responses in
laying hens fed similar zinc molt induction diets, J. Rapid Methods Autom. Microbiol. 12,
69–81 (2004).

116. S. Y. Park, C. L. Woodward, S. G. Birkhold, L. F. Kubena, D. J. Nisbet, and S. C. Ricke,
In vitro comparison of anaerobic and aerobic growth response of Salmonella
typhimurium to zinc addition, J. Food Safety 22, 219–229 (2002).

117. S. Y. Park, C. L. Woodward, S. G. Birkhold, L. F. Kubena, D. J. Nisbet, and S. C. Ricke,
The combination of zinc compounds and acidic pH limits aerobic growth of a Salmo-
nella typhimurium poultry isolate marker strain in rich and minimal media, J. Environ.
Sci. Health B39, 199–207 (2004).

118. S. Y. Park, C. L. Woodward, S. G. Birkhold, L. F. Kubena, D. J. Nisbet, and S. C. Ricke,
Influence of oxidation-reduction media reductants on Salmonella typhimurium growth
kinetics response in an anaerobic atmosphere after initial pH adjustment and zinc
compound addition, J. Rapid Methods Autom. Microbiol. (2004).

119. R. Nayak, P. B. Kenney, and G. K. Bissonnette, Inhibition and reversal of Salmonella
typhimurium attachment to poultry skin using zinc chloride, J. Food Prot. 64, 456–461
(2001).

Review on Dietary Zn in Poultry 163

Biological Trace Element Research Vol. 101, 2004


	f110: 
	f111: 
	f112: 
	f113: 
	f114: 
	f115: 
	f116: 
	f117: 
	f118: 
	f119: 
	f120: 
	f121: 
	f122: 
	f123: 
	f124: 
	f125: 
	f126: 
	f127: 
	f128: 
	f129: 
	f130: 
	f131: 
	f132: 
	f133: 
	f134: 
	f135: 
	f136: 
	f137: 
	f138: 
	f139: 
	f140: 
	f141: 
	f142: 
	f143: 
	f144: 
	f145: 
	f146: 
	f147: 
	f148: 
	f149: 
	f150: 
	f151: 
	f152: 
	f153: 
	f154: 
	f155: 
	f156: 
	f157: 
	f158: 
	f159: 
	f160: 
	f161: 
	f162: 
	f163: 
	f164: 
	f165: 
	f166: 
	f167: 
	f168: 
	f169: 
	f170: 
	f171: 
	f172: 
	f173: 
	f174: 
	f175: 
	f176: 
	f177: 
	f178: 
	f179: 
	f180: 
	f181: 
	f182: 
	f183: 
	f184: 
	f185: 
	f186: 
	f187: 
	f188: 
	f189: 


